To evaluate the performance of an automated retinal image quality assessment system for use in automated diabetic retinopathy grading. METHODS. Algorithmic methods have been developed for assessing the quality of 45°single field retinal images for use in diabetic retinopathy screening. For this purpose, image quality was defined by two aspects: image clarity and field definition. An image with adequate clarity was defined as one that shows sufficient detail for automated retinopathy grading. The visibility of the macular vessels was used as an indicator of image clarity, since these vessels are known to be narrow and become less visible with any image degradation. An image with adequate field definition was defined as one that shows the desired field of view for retinopathy grading, including the full 45°field of view, the optic disc, and at least two optic disc diameters of visible retina around the fovea. From 489 patients attending a diabetic retinopathy screening program, 1039 retinal images were obtained. The images were graded by a clinician for image clarity and field definition, with a comprehensive image-quality grading scheme. RESULTS. The sensitivity and specificity were, respectively, 100% and 90.9% for inadequate clarity detection, 95.3% and 96.4% for inadequate field definition detection, and 99.1% and 89.4% for inadequate overall quality detection. CONCLUSIONS. The automated system performs with sufficient accuracy to form part of an automated diabetic retinopathy grading system. (Invest Ophthalmol Vis Sci.
D
iabetic retinopathy is the leading cause of blindness in the United Kingdom and United States in working-age populations. 1, 2 The early stages of the disease are asymptomatic, making a structured screening program necessary to achieve early diagnosis. A nationwide screening program is currently being implemented across the United Kingdom based on annual digital fundus photography of diabetic patients. Studies have shown that it is possible to detect the earliest visible signs of diabetic retinopathy automatically. For instance, it has been shown that automatic retinopathy detection could reduce the workload of manual image graders by 50%. 3 This reduction would have corresponding economic benefits and would remove much of the tedium of manual grading. However, detection of retinopathy lesions alone is not sufficient to allow automation of image grading within a diabetic retinopathy screening program. It is also necessary to determine that the image is of sufficient clarity and that it is of the correct portion of the retina. Blurred images can disguise lesions, so that a diseased eye could be mistakenly graded as normal. Blurring can be due to poor optics, cataract, macular edema, poor camera focus, or saccadic eye motion during acquisition. This aspect of image quality will be referred to as "image clarity." The image must also show the correct portion of the retina. This aspect of image quality will be referred to as "field definition." Inadequate field definition may be caused by poor patient cooperation, a latent squint, or insufficient pupil size.
Images must be passed to manual graders, by an automated system, either because they show signs of retinopathy or because they are not of adequate quality. Manual graders must decide whether patients should be referred for slit lamp examination or whether retinopathy grading is possible.
The prevalence of images with insufficient quality in a diabetic retinopathy screening program was shown by a study of 5575 patients. 4 Of these, 11.9% had images that were unsuitable for retinopathy grading in at least one eye, according to the staged mydriasis protocol recommended by the Health Technology Board for Scotland. In another study, investigators found that 20.8% of 1542 patients who underwent single-field nonmydriatic photography and 5.6% of 1549 patients who underwent dual-field mydriatic photography had an ungradable image in at least one eye. 5 The most comprehensive reported study on automated retinal image clarity analysis used detected vessel area as a means of assessing the gradability of an image for diabetic retinopathy. 6 Sensitivity and specificity for detection of ungradable images, using 1746 images taken from a diabetic retinopathy screening program, were 84.3% and 95.0%, respectively. The verdict of a clinical grader was used as the gold standard. However, the researchers did not look at field definition. In our experience, images can fail because of inadequate field definition and/or inadequate clarity. Other published work on automated retinal image clarity assessment is limited to studies with a low number of images or describe only semiautomated methods. [7] [8] [9] No reported studies have included automated detection of retinal image field definition.
For full automation of image grading to take place in a diabetic retinal screening program, we have developed automated methods for both aspects of retinal image quality: clarity and field definition. The methods were developed by using a training set of 395 images and were tested on a separate set of 1039 images. The results of the automated quality assessment were compared with a clinician's quality grading.
METHODS

Source and Type of Images
The study was performed according to the guidelines set forth in the Declaration of Helsinki.
All anonymized images for the study were from patients attending the Grampian Diabetes Retinal Screening Programme. All people with diabetes from the age of 10 were invited to take part in the program. Model CR5-45NM and CR6-45NM fundus cameras (Canon, Tokyo, Japan) with internal flash were used, each attached to a color digital camera (model D30; Canon). The image-capture protocol adhered to the recommendations of the Health Technology Board for Scotland. 10 Initially, all patients had photographs taken without the aid of mydriasis. If image quality appeared inadequate at time of photography, pupils were dilated with tropicamide 1% and the patient was rephotographed. A 45°single field disc-macula photograph was taken of each eye, with the fundus occupying a circle inside a region of 1600 by 1440 pixels. Although the red plane of these retinal images is the brightest, the green plane shows the features of interest with the highest contrast and this so-called "red free" image is used clinically for microaneurysm detection. The blue plane is of low intensity, containing mainly noise and so was not used in this study.
The test set for the study consisted of 1039 images from 977 eyes of 489 patients. The images were a consecutive sequence from which no images were rejected. The camera operator occasionally took multiple photographs in an attempt to achieve an acceptable image. In 60 eyes, two images were present and in 1 eye, three images were present. For one patient, only one image was present. The mean age of patients in the test set was 63 years, with a minimum age of 11 years and a maximum age of 89 years. Mydriasis was required in 254 (23.8%) test-set images.
Manual Quality Grading System
We have devised a comprehensive retinal image quality grading scheme for assessing the gradability of images for diabetic retinopathy. Table 1 lists the four image clarity classifications with typical images shown in Figure 1 . An automated image grading system must be able to detect microaneurysms, as these are the earliest sign of diabetic retinopathy. The visibility of the macular vessels is therefore a good indicator of image clarity, because these have a width and color similar to those of microaneurysms.
According to the recommendations of the Health Technology Board for Scotland, 10 photographs should be centered on the macular region and contain the optic disc. Table 2 lists the three field definition categories, and Figure 2 shows examples of inadequate field definition. For retinopathy grading, the fovea should be at least two disc diameters from the edge of the image. The optic disc and temporal arcades should be complete in the image, because they are used as a guide to ensure that the photograph has been correctly aligned. An image was also classed as having inadequate field definition if a small-pupil artifact was present (Fig. 2D ). This is a shadow on the retina caused when a camera feature known as the small-pupil capability is used. This feature improves image clarity when the patient's pupil fails to dilate sufficiently and results in a 37°field of view instead of the normal 45°field of view. The artifact is due to a distinct shadow on the retina that partially or completely masks retinal features within a circular rim. It may be green because of a light on the camera intended for contrast enhancement.
The last category in each of Tables 1 and 2 comprises images that are inadequate for automated retinopathy analysis and so must be reliably detected by an automated quality-assessment system. The remaining categories were combined and referred to as "adequate" for comparison with the automated assessment results. An image was graded as having inadequate overall quality if either the image clarity or the field definition was inadequate.
TABLE 1. Image-Clarity Grading Scheme
Grading Category Description
Excellent Small vessels are clearly visible and sharp within one optic disc diameter around the macula. The nerve fiber layer is visible. Good
Either small vessels are clearly visible but not sharp within one optic disc diameter around the macula or the nerve fiber layer is not visible. Fair
Small vessels are not clearly visible within one optic disc diameter around the macula but are of sufficient clarity to identify thirdgeneration branches within one optic disc diameter around the macula. Inadequate Third-generation branches within one optic disc diameter around the macula cannot be identified.
FIGURE 1.
The four grading categories of image clarity: (A) excellent, (B) good, (C) fair, and (D) inadequate. Each image is shown along with its macular region enlarged and contrast enhanced (a radius of one optic disc diameter around the fovea).
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A clinician (SP) applied the grading scheme to all images in the study and recorded the results along with the reasons for images having inadequate field definition. These included (1) small-pupil artifact present, (2) optic disc incomplete, (3) temporal arcades incomplete, and (4) a macula less than two disc diameters from the edge of the image.
Automated Quality Grading System
This section describes the automatic image-processing methods for retinal image quality assessment that were developed with a training set of 395 images. We have previously described the image processing methods that we use for detection of the vessels, optic disc, and fovea and for determination of the length of the visible portions of the temporal arcades. 11 These methods are summarized here and illustrated in Figure 3 .
First, to aid the identification of the optic disc and fovea, a search was made for the semielliptical shape of the temporal arcades. Largescale vessels with widths between 10 and 30 pixels were detected by the automated system. These widths were chosen because the arcade vessel widths fall within this range. The semielliptical shape of the arcades was found by using a technique known as the generalized Hough transform. 12 This was performed with semielliptical templates having a range of sizes, orientations, and eccentricities and having right-and left-handed forms. The image was initially subsampled by a factor of 32 to achieve acceptable computation times.
In the following description, disc diameter (DD) is used as a dimensional unit. A value of DD ϭ 246 pixels was chosen, based on manual estimation of the mean optic disc diameter in good-quality images. The search space for the optic disc was restricted to a region with height 2.4 DD and width 2.0 DD surrounding the rightmost or leftmost point of the semiellipse fitted to the temporal arcades, as in Figure 3 . Within this region, the circular outline of the optic disc was detected by using a Hough transform, this time with circular templates having diameters from 0.7 to 1.25 DD pixels.
The fovea was detected by finding the maximum correlation coefficient between the image and a foveal model. The search was restricted to a circular region with diameter 1.6 DD centered on a point that is 2.4 DD from the optic disc and on a line between the detected optic disc and the center of the semiellipse fitted to the temporal arcades.
Image Clarity Assessment
Image clarity must be sufficient for microaneurysms, the earliest sign of diabetic retinopathy, to be visible. In the macular region, vessels will be present with a diameter on the same order as that of microaneurysms and with a similar color. Therefore, we assessed image clarity by detecting macular vessels and calculating their total length. Macular vessels were detected by processing the image to detect dark linear structures. Those that satisfy certain length and straightness criteria were assumed to be macular vessels.
Vessel detection was applied to a region centered on the automatically detected fovea. If the fovea had a high contrast (determined by the correlation coefficient between the detected fovea and a fovea model), 11 then it was likely that the fovea had been accurately located. In this case, the method illustrated in Figure 4A was used to assess image clarity. Vessel detection was applied within a square region 
Grading Category Description
Excellent
The entire macula and optic disc are visible. The macula is centered horizontally and vertically in the image. Good
The entire macula and optic disc are visible. The macula is not centered horizontally and vertically in the image, but both main temporal arcades are completely visible and the macula is complete (i.e. the fovea is at least two optic disc diameters away from the temporal edge of the image). Inadequate
Either a small-pupil artifact (Fig. 2D) is present, or at least one of the macula, optic disc, superior temporal arcade, or inferior temporal arcade is incomplete.
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having width and height of 3.5 DD. Within this region, the length of detected vessels was measured over a circle of diameter 3.5 DD (Fig.  4A, circle) . The diameter, 3.5 DD, was determined to be optimal for correlation with the clinician's image clarity grading of the training-set images.
If the fovea had a low contrast (there was a low correlation coefficient between the detected fovea and a fovea model) then a different methodology, illustrated in Figure 4B , was applied. In this case it is likely that the position of the detected fovea was inaccurate. Therefore, it would no longer be centered on the avascular zone that surrounds the fovea and may contain some of the larger vessels outside the macula. These vessels are less likely to be obscured by a reduction in image clarity and so the method illustrated in Figure 4A could lead to the incorrect grading of images as having adequate image clarity.
This problem was avoided by applying vessel detection to a larger region with width and height 4.5 DD (Fig. 4B . square boundary) centered on the detected fovea. Within this region, the location of the circle of diameter 2 DD (Fig. 4B, dashed circle) was searched for, such that it contains the minimum length of detected vessels. This circle was likely to be centered on the foveal avascular zone. Clarity was then assessed by calculating vessel length over a circle of diameter 3.5 DD with the same center point (the solid circle in Fig. 4B ).
An image was deemed to have adequate image clarity if the vessel length was greater than a threshold derived from the training set (see the Results section).
Field Definition
An image was defined as having adequate field definition if all the constraints listed in Table 3 based on the metrics illustrated in Figure  5 were satisfied and if no small-pupil artifact was present. Constraints on the distance between the optic disc and edge of the image, D OD,EDGE , and between the fovea and the edge of the image, D FOVEA,EDGE , were derived from clinical requirements-namely, that a complete optic disc should be present and that two disc diameters of retina should be visible around the fovea. The upper and lower bounds on the angle of the line between the fovea and the optic disc, OD,FOVEA , were the minimum and maximum values of this angle in the training-set images with adequate field definition. Analysis of the receiver operator characteristic (ROC) curve for detection of inadequate arcade length was used to determine a suitable threshold for the superior and inferior arcade lengths D ARCADE(S) and D ARCADE(I) , respectively. The chosen threshold had high specificity, while maintaining good sensitivity, for detection of inadequate arcade length in the training-set images. If the image contained no optic disc or no fovea, the system would make spurious detections for their locations; however, these are unlikely to satisfy the constraints on OD,FOVEA , D ARCADE(S) , and D ARCADE(I) . Table 4 summarizes the clinician's gradings of the 1039 test set images. Of the images, 11.3% (117/1039) were graded as inadequate overall quality, of which 26% (31/117) failed due to image clarity alone and 51% (60/117) failed due to field definition alone. Figure 6 shows ROC curves for the detection of image clarity. These were generated by varying the macular vessel length threshold above which images were graded as having adequate image clarity, as mentioned in the Methods section. The operating point, corresponding to a threshold of 1938 pixels, was chosen for 100% sensitivity and maximum speci- Table 3 . Constraints are expressed in multiples of disc diameters (DD). * As illustrated in Figure 5 . ficity in the training set. The sensitivity and specificity at this operating point are given in the top two rows of Table 5 . The sensitivity and specificity for detection of inadequate field definition was 95.3% and 96.4%, respectively (Table 5) . Table 6 details the detection rates for each of the four circumstances that define inadequate field definition.
RESULTS
Inadequate overall image quality, defined as the presence of either inadequate clarity or inadequate field definition, is detected with sensitivity 99.1% and specificity 89.4% as shown in the bottom row of Table 5 .
DISCUSSION
In this study we investigated the performance of an automated retinal image quality assessment system and compared our results with a clinician's image quality grading. A high sensitivity and specificity (99.1% and 89.4%, respectively) for detection of images of inadequate quality was achieved, and we believe that this system could be used to automate the initial grading stage of a diabetic retinopathy screening program. Images that show signs of diabetic retinopathy or that are of inadequate quality for automated diabetic retinopathy grading are passed to manual graders.
In the one study to which the results can be usefully compared, 6 the authors measured the area of detected vessels over the entire image, as an indicator of image clarity. If the measured area was above a given threshold, then the image was classified gradable. Image blurring causes some vessels to become undetectable, and so it is expected that vessel area would be reduced in ungradable images. However, larger vessels can remain visible, even when an image has lost significant clarity. Therefore, an image loses only a fraction of its detectable vessels when subject to low-level but significant blurring. There is also anatomic variation in vessel area between patients. The ability to discriminate gradable and ungradable images, therefore, depends on how variations between patients compare with variations due to clarity. Hence, there would be an increase in the discrimination ability of the technique if only narrow vessels were used in the assessment. Our method does this by first detecting the fovea and then by assessing image clarity using the length of vessels within the macular region. This region rarely contains any large vessels, and the absence of such vessels may explain why the results presented by Usher et al., 6 84.3% sensitivity and 95.0% specificity, are below our ROC curve (Fig. 6 ) which shows 96.7% sensitivity at 95.0% specificity.
There are no published studies in which retinal image field definition is automatically assessed. Our experience (Table 4) shows that approximately 50% of images with inadequate overall quality fail due to inadequate field definition, although their clarity is adequate. It is therefore important that field definition be considered when assessing the gradability of retinal images.
A more general approach to image clarity assessment may be considered using the contrast of vessels relative to their background. A threshold would have to be chosen below which the contrast of a vessel relative to its background would be considered inadequate. However, the choice of this threshold is problematic because the nature of even adequate-quality retinal images is extremely variable. For example, in some images, where the retina between the lesions and vessels is very uniform in its intensity, low-contrast vessels and lesions are clearly visible. We therefore chose to use vessel visibility as an indicator of image clarity. Our automated macular vessel detection method follows this principle by detecting vessels based on shape requirements-namely length and straightness, rather than their contrast with the background.
Of the images incorrectly classified, there were false-positive and -negative cases of inadequate quality assessment. If an image is incorrectly graded as having adequate quality, then there is a risk of cases of retinopathy being missed. However, if an image contains the macula and is of adequate clarity, then it is likely that automated retinopathy grading would be satisfactory. It is, therefore, useful to consider individual cases in which errors have been made. No images were incorrectly classified as having adequate clarity. There were, however, four images in the test set and three images of the training set that were incorrectly assessed as having adequate field definition. In all these cases, the images had been graded by the clinician as having a complete macula: the most important area for assessment of diabetic retinopathy. In six cases, the arcades were incomplete, but the software did not detect this because the process of ellipse matching to the main vessels (Fig. 3) , erroneously included branches off the main arcades in the arcade length calculation. This increased the estimated arcade length to a value above the threshold for acceptable adequate field definition. In two cases the optic disc was incomplete, because it was present at the edge of the image. In both cases only a very small portion was missing. This is a difficult condition to detect automatically but has very little diagnostic consequence. Of the seven images incorrectly assessed as having adequate field definition, five were correctly assessed as having inadequate clarity resulting in the correct assessment of overall quality. The remaining two images (one each from the training set and test set) were incorrectly assessed as having adequate overall quality. Nonetheless, they both had adequate clarity and a complete macula.
If an image is incorrectly classified as having inadequate quality, then the situation is safe for patient diagnosis, but it reduces the economic effectiveness of automation of the screening program by increasing the workload for manual grading. We have achieved a high sensitivity while allowing less than 11% of images of adequate quality to be passed for manual grading by the quality assessment system. The false detections of inadequate clarity were heavily biased toward images of lower clarity and fell, as follows, among the three image clarity gradings that have been grouped as adequate (see Table 1 ): excellent, 0% (0/125); good, 3.1% (23/732); and fair, 52.8% (66/125). Because many images with fair image clarity are difficult to classify, there being only a few macular vessels visible, it is reasonable that a large number of these images would be passed to manual grading by the automated system. The methods could be generalized for other photographic scales and angular fields of view and for certain other retinal image capture protocols. To apply identical methods to images obtained with a different photographic scale, images could be resized so that the number of pixels per degree is converted to the same value as for the images in our study. The ability of the image-capture system to resolve fine detail may affect the length of macular vessels that are visible, and so the threshold applied to macular vessel length may be dependent on camera resolution. Images with a narrower or wider angular field of view may have different field requirements. If this were the case, then straightforward modifications to the constraints listed in Table 3 would probably be sufficient. Problems could occur, however, if images originate from sources that contain a variety of fields of view. Linking of images to their source would be necessary so that resizing or other minor adaptations could be applied according to the photographic setup used for each image.
Apart from automation of screening systems, the software could also be a useful aid at the time of photography. As more technicians use digital instruments to image the eye, it may be possible to incorporate an immediate quality check into the instrument software so that the technicians can be made aware of any quality problem. This would present an opportunity to solve the problem by repeating the photograph.
Image quality assessment is an important part of diabetic retinal image grading. It has been shown that it is possible to use automated microaneurysm detection to reduce the workload for manual image graders. 3 However, incorrect results would be obtained if an attempt were made to apply that method to poor-quality images. It is therefore important that the images presented for automated microaneurysm detection be ones with quality that is adequate for microaneurysms to be seen and that show the correct portion of retina. The present study has shown that a fully automated method can make this decision. Hence, the techniques we have described are able to form an important and effective component of an automated image grading system in a diabetic retinopathy screening program. 
